[1] Contraction, strike slip, and extension displacements along the Hikurangi margin northeast of the North Island of New Zealand coincide with large lateral gradients in material properties. We use a finite-difference code utilizing elastic and elasticplastic rheologies to build large-scale, threedimensional numerical models which investigate the influence of material properties on velocity partitioning within oblique subduction zones. Rheological variation in the oblique models is constrained by seismic velocity and attenuation information available for the Hikurangi margin. We compare the effect of weakly versus strongly coupled subduction interfaces on the development of extension and the partitioning of velocity components for orthogonal and oblique convergence and include the effect of ponded sediments beneath the Raukumara Peninsula. Extension and velocity partitioning occur if the subduction interface is weak, but neither develops if the subduction interface is strong. The simple mechanical model incorporating rheological variation based on seismic observations produces kinematics that closely match those published from the Hikurangi margin. These include extension within the Taupo Volcanic Zone, uplift over ponded sediments, and dextral contraction to the south.
Introduction
[2] Strain characteristics within the upper plates of subduction systems can vary greatly between and within subduction zones [e.g., Uyeda and Kanamori, 1979; Dewey, 1980; Uyeda, 1982] . This study addresses the subduction-related processes of extension and partitioning of velocity components in an oblique subduction zone, using the Hikurangi margin of New Zealand as an example. Using large-scale, three-dimensional, finite-difference numerical modeling we show that strain within an oblique subduction zone is influenced by intraplate strength.
[3] Extensional systems are associated with many subduction zones worldwide, and there are a number of theories which attempt to explain the mechanics behind their existence [e.g., Molnar and Atwater, 1978; Uyeda and Kanamori, 1979; Dewey, 1980; Uyeda, 1982; Whittaker et al., 1992; Hamilton, 1995; Hassani et al., 1997] . Although slab rollback is commonly cited as the accepted mechanism for extension above subduction zones [Molnar and Atwater, 1978; Hamilton, 1995] , neither this nor other current models adequately specify necessary and/or sufficient conditions for extensional tectonics in a convergent setting [Taylor and Karner, 1983; Scholz and Campos, 1995] . Models in two dimensions of the forces associated with subduction suggest that an unlocked subduction interface is required to develop appreciable tension in a back arc setting [Whittaker et al., 1992; Hassani et al., 1997] .
[4] Some oblique subduction zones exhibit strain partitioning, where two processes accommodate the oblique plate motion: subduction with lesser obliquity and transcurrent faulting within the overriding plate. Different authors have proposed various explanations for this phenomenon [e.g., Jarrard, 1986; McCaffrey, 1992; Liu et al., 1995] . Many authors cite interplate coupling as a basic factor controlling the partitioning, although they do not agree on the details. Some authors suggest that partitioning occurs when plate coupling is strong [Finch, 1972; Beck, 1983; Jarrard, 1986; Chemenda et al., 2000] , while others reach the opposite conclusion [Yu et al., 1993 , Liu et al., 1995 . An alternative explanation for partitioning is that oblique slip parallel to the plate vector should occur on the thrust fault when the obliquity is smaller than a critical angle [McCaffrey, 1992] . If this were the case, partitioning would be expected to occur for high angles of obliquity but not for small.
[5] Different definitions of coupling are used in the analysis of subduction plate boundaries, and the following terminology, based on that of Beanland's [1995] analysis of the Hikurangi Trough, is used to distinguish between them.
[6] 1. Seismic coupling is the rate of actual seismic moment release as a proportion of the total seismic moment release expected due to relative motion across a plate boundary [Ruff, 1989; Pacheco et al., 1993] .
[7] 2. Kinematic coupling describes the rate of permanent deformation, seismic or not, accommodated in the upper plate as a proportion of relative plate motion across a plate boundary [McCaffrey, 1992; Beanland, 1995] .
[8] 3. Dynamic coupling is defined in terms of forces and stresses, with the most important factor being the frictional strength of the subduction interface at shallow depths [Scholz and Campos, 1995] . One extreme of dynamic coupling is that the interface may be stronger than the upper plate, resulting in a high degree of kinematic coupling. Alternatively, if the subduction interface is significantly weaker, stable sliding will occur and the interface is considered to be dynamically uncoupled [Scholz and Campos, 1995] .
[9] In this study we are describing coupling of the two components of displacement, which is equivalent to kinematic coupling.
[10] We use northern New Zealand and the Hikurangi Trough as a basis for three-dimensional (3-D) numerical models that investigate various features of subduction zones and their effect on the resulting geodynamics. The Hikurangi subduction zone, which shows considerable variance in strain characteristics, coupling and partitioning along its 500 km length, provides an ideal comparison for our models. We argue in this paper that the strength of the subduction interface is the dominant factor determining the amount of displacement coupling and therefore controls the nature of velocity component partitioning between the subduction interface and the upper plate. Moreover, we infer that a weak subduction interface is required for both extension and partitioning to occur in a subduction zone with geometry similar to that of the Hikurangi margin.
Hikurangi Subduction Margin
[11] Subduction of the Pacific plate beneath the Australian plate at the southernmost end of the Tonga-KermadecHikurangi plate boundary is the dominant tectonic feature of the North Island and the northern South Island (Figure 1 ). Deformation on-land in the North Island falls into two main provinces: a belt of dextral faulting generally near the back edge of the inner forearc region; and normal faulting in the Ruaumoko Rift System (Figure 1 ) [Grindley, 1960; Rowland and Sibson, 2001] . Offshore, landwards of the trench, is a zone of imbricate reverse faulting [Barnes et al., 1998; ].
Kinematic Coupling Along the Hikurangi Margin
[12] A detailed analysis of partitioning of margin-parallel and margin-normal displacement along the Hikurangi subduction margin was carried out by Beanland [1995] . The range of mechanical and kinematic behavior observed along the Hikurangi margin is consistent with a transition in dynamic coupling from totally coupled in the south to uncoupled with arc/back arc extension in the north. Beanland [1995] points out that this wide range of behavior over a length scale of only 500 km occurs despite uniformity in geometry, absolute rates of motion and plate motion obliquity along the Hikurangi margin [DeMets et al., 1994] . Beanland suggested that the range in dynamic coupling arises primarily as a result of the depth extent of the subducted Pacific plate which decreases to the south.
Morphology of the Hikurangi Subduction Zone
[13] The general shape of the subducted Pacific plate at the Hikurangi margin has been imaged by compilations of seismicity located within the New Zealand National Seismograph Network [Anderson and Webb, 1994] . The seismic zone associated with the subducted plate dips to the NW, $11°, steepening with depth, and has a strike of 40° [Ansell and Bannister, 1996] . A model of plate coupling along the Hikurangi subduction zone has been developed from seismological data [Reyners, 1998 ]. There is a major change from permanent coupling in Marlborough, over the last $4 Ma, to weak coupling in the northeast of the Raukumara Peninsula [Reyners, 1998 ]. The shortening within the overlying plate perpendicular to the margin in the southern North Island and northern South Island arises from the locking of the plate interface in this region [Whittaker et al., 1992; Reyners, 1998 ]. Changes in coupling along strike imply sinistral shear in the subducting plate and/or dextral shear in the overlying plate [Reyners, 1998] .
[14] The NW portion of Raukumara Peninsula is experiencing broad antiformal uplift (3 mm yr À1 over the past 125 kyr) along the Raukumara Range [Yoshikawa et al., 1980; Thornley, 1996] . Rapid uplift of the Raukumara Range has been interpreted by Walcott [1987] as being due to sediment subduction and underplating at the base of the crust of the Australian plate. The subducted slab, the plate interface and variations in the overlying plate structure of the Raukumara Peninsula have been imaged in a 3-D seismic velocity and attenuation model Eberhart-Philips and Chadwick, 2002] . Waveform modeling indicates a 1 -2 km thick low-velocity layer at the plate interface, which is characterized by $50% local reduction in shear modulus and inferred to consist of subducted sediments [EberhartPhillips and Reyners, 1999] . Mechanically this ponded sediment may result in relatively weak plate coupling in this region [Eberhart-Phillips and Reyners, 1999] . Seismic velocity determinations also show an extensive low-velocity zone in the lower crust, interpreted by the authors to be a region of ponded sediment beneath the northeastern Raukumara Range [Reyners et al., 1999, Figure 8] . We use seismic velocities determined for this region to calculate elastic and inelastic material properties for input into a model of this area. This low-velocity zone underlies the most rapidly rising part of the Raukumara Ranges and may be related to that uplift . We test the hypothesis that the presence of these lowvelocity sediments is responsible for the surface uplift.
Deformation Within Northern New Zealand
[15] Quaternary continental extension within the central North Island is accommodated by a belt of predominantly normal faults, known as the Ruaumoko Rift (Figure 1 ) [Grindley, 1960] . It is a zone of NE striking active normal faults, dikes and extension-fracturing extending the length of the Taupo Volcanic Zone and distributed across a region $40 km wide [Rowland and Sibson, 2001] . The focal mechanism solution from the 1987 Edgecumbe earthquake shows that it was a mainly normal rupture with a small component of dextral strike-slip motion [Anderson et al., 1990] .
[16] The forearc region in the south of the North Island is dominated by north to northeast striking reverse faults Figure 1 . Northern New Zealand showing the Hikurangi Trough and associated deformation zones in the Australian plate, the Marlborough fault system and the Alpine fault. The interpreted degree of plate coupling along the Hikurangi subduction margin is shown in italics [Reyners, 1998] . Relative plate motion vectors between the Australian and Pacific plates are from DeMets et al. [1994] . Shaded relief map from GeographX. ]. These faults are parallel to the subduction margin and show dextral reverse motion. The total shortening accommodated along them is on the order of !50% of plate motion ].
[17] Focal mechanisms from interplate thrust earthquakes along the Hikurangi margin indicate that seismically released oblique plate motion across the margin is fully partitioned along the whole length of the margin [Webb and Anderson, 1998 ]. Shortening occurs along the plate interface while it accommodates very little of the transcurrent motions [Webb and Anderson, 1998 ]. Instead, faults in the overlying Australian plate accommodate most of the transcurrent motion in the southwest [Webb and Anderson, 1998 ], and it is proposed that rotation due opening of the Taupo Volcanic Zone accommodates this motion in the northeast [Beanland and Haines, 1998 ]. Geodetic measurements across the plate boundary zone show extension in the crust in the northeast and shortening across the margin in the southwest [Walcott, 1984; Beanland and Haines, 1998 ]. The geodetic measurements in the southwest do not show the partitioning seen in focal mechanism studies [Webb and Anderson, 1998 ]. Barnes et al. [1998] propose a complex pattern of partitioning of strain both vertically and horizontally between the two plates and within the upper plate for the southwest Hikurangi margin. They determine that subduction accounts for <20% of margin-parallel motion and that one third to one half of total plate motion is expressed in the upper plate offshore. These results are consistent with analysis onshore and reflect the strong coupling between the subducted plate and the overriding Australian plate [Beanland, 1995] .
Theoretical Background

Mechanical Relationships
[18] The mechanical behaviors of the materials modeled here are elastic or nonassociated elastic-plastic [Vermeer and de Borst, 1984] . For the constitutive rules, we use both Mohr-Coulomb and Von Mises criteria. These consist of a yield function, which governs the onset of plastic behavior, and a plastic flow rule. These materials deform in an elastic manner up to a yield point, then deform in a plastic (i.e., nonrecoverable) manner. For a Mohr-Coulomb material the yield function and flow law are given as
The Von Mises criteria is given by [19] The Mohr-Coulomb flow stress during plastic deformation is strongly pressure-dependent and is useful for modeling the upper, brittle crust. The Von Mises flow strength is used to model the ductile lower crust. In the plastic regime, instability or localization occurs, which for rock corresponds to a well-defined shear zone or a fracture [Vermeer and de Borst, 1984; Mandl, 1988; Hobbs et al., 1990; Ord and Oliver, 1997] .
Finite-Difference Code
[20] Models were developed using the numerical code FLAC 3D a three-dimensional finite-difference code, which we have modified to accommodate large strains and local erosion (Version 2.0, Fast Lagrangian Analysis of Continua in Three Dimensions [Cundall and Board, 1988] results and exact solutions for plasticity problems [ITASCA, 1997] . The results show uniformly good agreement with theoretical solutions and in modeling geometrical instabilities well past the collapse or failure limit. Materials are represented by polyhedral elements within a three-dimensional grid that uses an explicit, time-marching solution scheme and a form of dynamic relaxation. Each element behaves according to a prescribed linear or nonlinear stress/ strain law in response to applied forces or boundary restraints. The inertial terms in the equations of motion,
(Cauchy's equations of motion where s ij is the stress tensor, x i , v i are the vector components of position and velocity respectively r is the density of the material, b i is the body force) are used as a numerical means to reach the equilibrium state of the system under consideration. The resulting system of ordinary differential equations is then solved numerically using an explicit finite-difference approach in time. The drawbacks of the explicit formulation (i.e., small time step limitation and the question of required damping) are overcome by automatic inertia scaling and automatic damping that does not influence the mode of failure. The governing differential equations are solved alternately, with the output for the solutions of the equations of motion used as input to the constitutive equations for a progressive calculation. Solution is achieved by approximating first-order space and time derivatives of a variable using finite differences, assuming linear variations of the variable over finite space and time intervals, respectively. The continuous medium is replaced by a discrete equivalent with all forces involved concentrated at the nodes of a three-dimensional mesh used in the medium representation.
Models
[21] We use an elastic slab that subducts beneath a twolayer upper plate (Figure 2 ). The upper brittle crust is given an elastic-plastic rheology based on a Mohr-Coulomb yield condition and flow law. The material beneath the brittleductile transition is given an elastic-plastic rheology based on a Von Mises yield condition and flow law. This material gets weaker with depth, mimicking the temperature dependence of lithospheric strength (Figure 2b ). The subduction interface is modeled using a pressure-dependent MohrCoulomb constitutive relationship to a depth of 22 km, corresponding to the average depth of the seismic coupling beneath the North Island [Reyners, 1998 ].
[22] The model material is a continuum, with no discrete discontinuities, thus the seismic cycle is not explicitly modeled. We are using the models to investigate long-term strain patterns within the upper plate of a subduction system. This approach is best suited to investigation of the two extremes of plate interface strength. These are a weak interface, where deformation is taken up mainly along the interface, and a strong interface where deformation is taken up within the upper plate. Aspects of moderate or strong plate interfaces along which deformation occurs by large seismic events are not well modeled by a continuum approach and care must be taken not to overinterpret models of these types of subduction interface.
[23] We have run a series of models in which we change the strength of the subduction interface along strike (Figure 2) . We simplify Reyners' [1998] description of varying interface strength along the margin into two regions, weak in the northeast and strong in the southwest (Figure 2) . Our other models investigate the effects of variations in the strength of regions within the overlying plate. The details of these are discussed below.
[24] The model is 1000 km along strike and 600 km across the plate boundary zone, from undeformed oceanic crust of the Pacific plate in the east to undeformed continental crust of the Australian plate in the west (Figure 2) . The base of the model is at 80 km depth, with the brittleductile transition located at the depth of 22 km. The oceanic crust of the Pacific plate is modeled by an 8 km thick elastic slab. The subduction interface is modeled by a 1 km thick series of zones that sit above the elastic material of the oceanic plate. These zones are not constrained in any way by the imposed boundary conditions. From 0-22 km, the Figure 2c is the model of the Raukumara Peninsula where a block of weaker material represents ponded sediment as discussed in the text [Eberhart-Phillips and Reyners, 1999; Reyners et al., 1999] . BDT, brittle-ductile transition. subduction interface is modeled as a pressure-dependent Mohr-Coulomb material. Below 22 km, it is described by a Von Mises flow law. Variations in strength of the subduction interface are imposed on the upper 22 km by changing the value of the friction angle within the Mohr-Coulomb description.
[25] Velocity conditions are imposed upon the base, the eastern and the lateral edges of the elastic material that represents the subducting Pacific plate (Figure 2) . The orientation of the imposed velocity conditions is varied from orthogonal to the plate boundary to 60°oblique to the plate boundary. Imposed velocity conditions where subduction is occurring at 45°to the trench most closely match the Nuvel-1a Pacific plate motion relative to fixed Australia plate [DeMets et al., 1994] . We therefore concentrate on two models, one orthogonal model with subduction perpendicular to the trench and one oblique model with subduction occurring at 45°to the trench. The western boundary, within undeformed Australian plate material, is held fixed. The basal boundary, at 80 km depth, is also held fixed. The aim of this study is to investigate processes within the upper plate of the subduction system, and the boundary at 80 km depth is far enough removed from the region of interest so as not to impinge upon the results. The models ignore the influence of deeper processes and features such as the density contrast of the lithospheric slab and the asthenosphere.
Results
Orthogonal Subduction; Variable Interfacial Strength
[26] In order to consider the effect of the strength of the plate interface on the mechanics of subduction, we initially consider orthogonal subduction of the Pacific plate beneath the Australian plate (Figure 3) . In these models, the subduction interface is weaker to the north than the overlying plate while in the south the interface is stronger than the overlying plate. With a weak subduction interface, deformation at the surface takes place at the trench and within the upper plate at $200-300 km west of the trench, above the ductile portion of the subduction interface (Figure 3a) . Localized deformation at the subduction interface takes place from the trench to a depth of $40 km (Figure 3b) . At greater depths the deformation is more diffuse. A region of extension develops within the upper plate well away from the trench. Total extension is $5% of the imposed velocity boundary condition.
[27] Where the subduction interface is strong, deformation within the upper plate and localized deformation of the interface both occur away from the trench, at $150 -300 km from the trench, above where the two plates are no longer strongly coupled. There is no region of extension behind a strong subduction interface. These results are similar to those produced by two-dimensional models without alongstrike heterogeneities [Whittaker et al., 1992; Hassani et al., 1997] .
[28] Above the sharp transition from a strong interface to a weak interface there is a large gradient in the marginnormal velocity (Figure 3a) corresponding to dextral movement perpendicular to the trench. In other models with a smaller variation in strength, less pronounced zones of dextral displacement are produced.
[29] The downward motion of the model slab produces negative vertical velocities and the formation of an elongate basin structure in the upper plate (Figure 3c ). This basin forms along the whole model and is not a result of the region of extension. Where the subduction interface is weak, the zone with negative velocities is narrow and nearly symmetric. With a strong subduction interface, the zone of material with negative velocities is wider and the deepest part of the basin is offset toward to the trench, above the transition from a strongly coupled interface to that of to a ductile subduction.
Oblique Subduction; Variable Interfacial Strength
[30] Imposition of oblique boundary conditions leads to the potential for the development of partitioning of the two components of velocity, margin-parallel and margin-normal. Where the subduction interface is weak, the two components of deformation are partitioned (Figures 4a  and 4b ). The majority of the margin-normal component is taken up at the trench, along the subduction interface, with the residual taken up within the upper plate at a distance of 200-300 km from the trench. The margin-parallel component is taken up within the upper plate, $150 -300 km from the trench. In contrast, the two components of velocity do not partition above the strong plate interface (Figures 4a  and 4b ). In this instance, the margin-parallel and the margin-normal components of the motion are taken up together, within the upper plate, 150-300 km west of the trench. The obliquity of the boundary conditions affects the graben development in that it becomes deeper and more pronounced in the south (Figure 4c ). Otherwise the pattern of vertical displacement is similar to that of the orthogonal model.
[31] Models were also run with the angle of obliquity equal to 15°, 30°, and 60°. As in the model with v x = v y (angle of obliquity equal to 45°), partitioning occurred for a weak subduction interface but not for a strong subduction interface.
Model of the Raukumara Peninsula; Oblique Subduction; Homogeneous Interfacial Strength
[32] In this model the entire subduction interface is given a strength between the weak and strong extremes of the previous two models, less than that of the overlying Pacific plate material. A region simulating soft ponded sediment is put into the northern half of the model (Figure 2c) . This has the effect of localizing most of the plate-normal and plateparallel velocity in the region of the weaker sediment (Figures 5a and 5b) . No partitioning of the two velocity components occurs except in the west where a zone of extension develops within the Australian plate. A region of uplift develops to the east of the extension and basin formation within the upper plate (Figure 5c ). To the south, where the subduction interface is of average strength, the deformation is spread relatively evenly between the trench [33] This model combines the previous models to gauge the combined effect of a weak subduction interface with a region of ponded sediment above the subduction interface. In the south, the model is unchanged from the model of oblique subduction with a strong subduction interface. In the north, the region of ponded sediment sits above a weak subduction interface. The margin-normal velocity is similar to the model without the ponded sediment. There is a significant region of extension to the west of the subduction, similar to the previous model. Unlike any of the previous models, there is a significant margin-parallel velocity gradient at the trench, such that the form of the gradient in margin-parallel velocity is similar to the form of the gradient in margin-normal velocity (Figure 6 ).
Partitioning of Margin-Normal and Margin-Parallel Velocity Components
[34] Figure 6 shows the variation across the subduction zone of the components of margin-normal and marginparallel velocities for the three oblique models. From these plots we can state the conditions under which partitioning of velocity components will occur.
[35] A weak subduction interface results in partitioning of velocity components across the whole subduction zone (Figure 6a) . A strong or average-strength subduction inter- face leads to only a small degree of partitioning away from the trench (Figures 6b, 6c, 6d, and 6f ) . Close to the trench, the two velocity gradients are nearly identical.
[36] The presence of ponded sediment, which is weaker than the surrounding material, above the subduction interface causes the degree of partitioning, for a particular interface strength, to reduce markedly (Figures 6d and 6e) . If the subduction interface is weak, the motion is partitioned west of the trench and at the western edge of the deforming region (Figure 6d ). Above the ponded sediment, the gradient of margin-parallel velocity component increases such that the two components are much closer than they were for the model with a weak subduction interface. When the subduction interface is of average strength, partitioning only occurs where the change from horizontal to downward motion of the trench causes the marginnormal component of velocity to become extensional (Figure 6e ).
Implications for Extension and Partitioning at Subduction Margins
Upper Plate Extension as a Function of Interfacial Strength
[37] Our numerical models have shown that extension will develop behind a subduction system, with geometry similar to the Hikurangi margin, if the subduction interface is significantly weaker than the material in the overlying plate. We do not develop extension behind a system with a strong subduction interface. These models provide an explanation for extension where the existence of slab rollback is unconfirmed. The results support Whittaker et al.'s [1992] assertion that an unlocked subduction interface is required to develop tension within the upper plate.
[38] Where the subduction interface is strong, the upper plate is forced to move with the slab. West of the trench, at about x = 150 km, once the subduction interface is located below the brittle-ductile transition, movement can be taken up along the interface. Upper plate deformation in this region is compressional (Figure 3b ). For the weak interface, from x = 0 to 150 km, the slab and the upper plate are decoupled such that the slab moves along beneath the upper plate. As some of this subhorizontal westward motion is converted to downward motion with the steepening of the slab, the slab continues to move beneath the upper plate but at a reduced horizontal rate. This reduction in the amount of horizontal motion of the slab beneath the upper plate results in space generation within the upper plate and this is manifest as a region of extension (Figure 3b) .
[39] The amount of extension that develops in these models is on the order of 5% of the imposed plate boundary (Figure 6a ). This value is a function of the slab angle and would increase if the slab dipped more steeply and would go to zero for a shallowly dipping slab.
Partitioning as a Function of Interfacial Strength
[40] Using the geodynamic models described above, we can make a number of predictions about partitioning of velocity components at a subduction margin, based on the relative strengths of the subduction interface and the upper plate material (Figure 6 ). Firstly, partitioning will not occur unless the subduction interface at the base of the upper plate is considerably weaker than the material above it. Secondly, weak material within the overlying plate reduces the degree of partitioning of the velocity components. If these two features are combined in a subduction system, it is the strength of the base which controls the partitioning of the velocities. Weak material within the overlying plate can change the details but not the basic pattern of partitioning determined by basal strength.
[41] Thus, given a weak subduction interface, the surface signal landward of the trench that we would expect for oblique subduction is of approximately margin-parallel motion. Further from the trench the margin-normal component will be expressed and we would expect the surface measurement to reflect the subducting plate motion vector. The presence of a significant region of ponded sediment above the subduction interface would be manifest as a smaller degree of partitioning than predicted from the strength of the subduction interface. For a strong subduction interface, the two velocity components remain coupled, and we would expect to see the surface deformation close to the trench to reflect the plate motion vector. Further from the trench the motion should be a portion of the plate motion vector with the greatest gradient in both velocity components occurring at a significant distance from the trench.
Predicted Deformation Styles as a Function of Interfacial Strength
[42] We predict slightly oblique (dextral) normal faulting to occur in the northwest of the model, well away from the trench, where extensional deformation is taking place for the weak subduction interface. A weak subduction interface will also lead to thrust faulting at the trench, where the margin-normal velocity is decoupled from the margin-parallel velocity. Above the strong subduction zone all seismic activity should be away from the trench and will take the form of a mixture of oblique dextral and thrust events. Between the two regions a zone of dextral motion is predicted normal to the trench.
Comparison of Model Results With Northern New Zealand
[43] Extrapolation of kinematic data from northern New Zealand predicts clockwise rotation of the Hikurangi forearc with respect to the Australian plate, which is directly related to extension in the Taupo Volcanic Zone and its termination in the central North Island (Figure 7 ) [Beanland and Haines, 1998 ]. Constraints on this type of kinematic modeling include earthquake moment tensors, geodetic analysis, rates of deformation on major faults, and rates of vertical crustal motions. A major limitation of such a kinematic model is the lack of offshore data, an important consideration for northern New Zealand where the plate boundary is offshore (Figure 7) . Thus this kinematic model is largely unconstrained about the Hikurangi margin. Instead, strain and strain rates measurements in the Marlborough region appear to ''pin'' the model. Our dynamic models suggest that extension, along with strong partitioning of the marginparallel and margin-normal components of velocity, will occur for a weakly coupled subduction interface but not where the interface is strongly coupled. This implies that it is the change in the strength of the subduction interface, strengthening to the south, that causes the reduction in the extension rate from north to south. Where a strong subduction interface exists, we predict very little partitioning between the two velocity components in agreement with the geodetic measurements for the southwest of the Hikurangi margin, where it is believed that there is strong coupling between the subducting plate and the overriding Australian plate.
[44] Between the two regions a zone of dextral motion is predicted normal to the trench, similar to that predicted by Reyners [1998] analysis of coupling changes along the Hikurangi margin. This zone extends from the trench, landward to about where the oblique thrust events in the south begin. The transition from a weak to a strong subduction interface occurs over a very small distance along strike in our models. In the North Island, the transition from weak to strong is gradual and occurs over a much greater distance [Reyners, 1998 ]. Thus we would expect that the region of margin-normal dextral motion developed as a result of the change from weak to strong subduction interface would be diffuse and spread over most of the North Island.
Amount of Extension
[45] Present day rates of extension in the central Taupo Volcanic Zone range from Quaternary-averaged values of 6 mm yr À1 [Villamor and Berryman, 2001 ] to geodetic rates of 9 ± 3 mm yr À1 [Darby et al., 2000] . Darby and Meertens [1995] determined a value of 8 ± 4 mm yr À1 for the entire Taupo Volcanic Zone. These extension rates are $10 -20% of relative plate motion between the Australian and Pacific plates [DeMets et al., 1994] . Total extension in our models was $5% of the imposed relative plate motion, implying that for the Taupo Volcanic Zone, one third to one half of the current extension rate can be accounted for by the geometry of the subduction zone and a weak subduction interface. The coexistence of processes such as slab rollback with this system would increase the amount of extension that takes place.
Weaker Material Beneath the Raukumara Peninsula
[46] Our models suggest that a block of weaker material within the upper plate will concentrate deformation at that point. Both margin-parallel and margin-normal strain is greatest above the region of weaker material, as is the vertical strain. A region of uplift develops above the region of weaker material, with corresponding uplift rates of 4 mm yr À1 . This value, determined from the model, is comparable with measured uplift rates of 3 mm yr À1 [Yoshikawa et al., 1980; Thornley, 1996] and supports Walcott's [1987] suggestion that sediment subduction and underplating are responsible for the uplift of the Raukumara Ranges.
Conclusions
[47] The strength of the subduction interface is a fundamental parameter in the determination of the mechanical behavior of a subduction zone and particularly that of the upper plate. Regions of weakness within the upper plate are reflected in the localization of deformation within the upper plate.
[48] Using the geometry of the Hikurangi margin of New Zealand, our models show that a weak subduction interface is required for both extension and partitioning of velocity components to occur in a subduction zone of similar geometry. If the interface is stronger than the material of the overlying plate, neither extension nor partitioning of velocity components occurs.
[49] A weak region within the upper plate localizes all the components of displacement into that region, reducing the partitioning of velocity components above a weak subduction interface. A region of uplift, comparable to that observed in the Raukurama Ranges, develops above the region of weaker material.
